The nature, size and distribution of the genomic regions underlying divergence and promoting reproductive isolation remain largely unknown. Here, we summarize ongoing efforts using young (12 000 yr BP) species pairs of lake whitefish (Coregonus clupeaformis) to expand our understanding of the initial genomic patterns of divergence observed during speciation. Our results confirmed the predictions that: (i) on average, phenotypic quantitative trait loci (pQTL) show higher F ST values and are more likely to be outliers (and therefore candidates for being targets of divergent selection) than nonpQTL markers; (ii) large islands of divergence rather than small independent regions under selection characterize the early stages of adaptive divergence of lake whitefish; and (iii) there is a general trend towards an increase in terms of numbers and size of genomic regions of divergence from the least (East L.) to the most differentiated species pair (Cliff L.). This is consistent with previous estimates of reproductive isolation between these species pairs being driven by the same selective forces responsible for environment specialization. Altogether, dwarf and normal whitefish species pairs represent a continuum of both morphological and genomic differentiation contributing to ecological speciation. Admittedly, much progress is still required to more finely map and circumscribe genomic islands of speciation. This will be achieved through the use of next generation sequencing data but also through a better quantification of phenotypic traits moulded by selection as organisms adapt to new environmental conditions.
1. INTRODUCTION Dobzhansky [1] initially proposed that the genotype of a species is an integrated system adapted to the environment or ecological niche in which the species lives, whereby recombination in hybrid offspring may lead to the formation of discordant gene patterns. Understanding how speciation can take place in the presence of the homogenizing effects of gene flow remains a major challenge in evolutionary biology. The ecological theory of adaptive radiation hypothesizes that shifts of organisms into novel habitats will be adaptive, whereby populations will diverge for specific phenotypes and genotypes influencing survival and reproduction when exposed to different environments [2, 3] . Under the genic view of speciation, divergent selection should create heterogeneous genomic differentiation by causing adaptive loci (and those physically linked to them) to flow between populations less readily than others. This will result in accentuated genetic divergence of regions affected by selection while the homogenizing effects of gene flow should preclude divergence in other regions [4] [5] [6] .
THE NATURE OF GENOMIC ISLANDS OF DIVERGENCE
The nature, size and distribution of these genomic regions underlying divergence and promoting reproductive isolation are still a contentious and debated area of research. While extensive theoretical and empirical research has been conducted, the precise genetic processes that regulate and favour regions of genomic divergence promoting speciation remain largely unknown [5,7 -10] . How populations go from little evidence of phenotypic and genotypic divergence to fully incompatible and reproductively isolated entities continues to be one of the key unanswered questions in evolutionary biology.
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One contribution of 13 to a Theme Issue 'Patterns and processes of genomic divergence during speciation '. arise and are maintained in the presence of gene flow. First, genetic differences and thus isolation are predicted to accumulate in a few, but large genomic 'islands' of reduced gene flow [5, [10] [11] [12] . Conversely, selection can also act simultaneously on many physically unlinked genomic regions. Under this view, genomes are highly porous and islands of speciation, as small as a single gene, are scattered throughout the genome [7, 9, 13, 14] . Both scenarios may act concurrently, as large regions of differentiation are created while, simultaneously, selection isolates single genes or mutations from the homogenizing effects of gene flow. If the process of speciation takes its course, these regions under the effect of divergent selection, originally expected to be rare, will tend to grow in both size and number until eventually genomic islands merge and the whole genome becomes fully incompatible [5, 11] . Given that, with time, islands of speciation will become drowned in a sea of divergence, this process should also be studied in the early step of a speciation event.
Chromosomal rearrangements are one genetic mechanism that may promote the initial appearance and further spread of genomic islands of divergence [8, 14, 15] . These rearrangements are expected to impede gene flow through the suppression of recombination around chromosomal breakpoints, thus promoting the growth of diverging regions and ultimately facilitating speciation. While there is theoretically support for this idea, empirical evidence has been mixed [16] [17] [18] [19] [20] . In a manner analogous to the effect of chromosomal rearrangements, strong divergent selection at specific loci can also promote the accumulation and spread of divergent genomic regions. This view has materialized recently into the verbal 'divergence hitchhiking' model proposed by Via & West [21] . Indeed, Via & West [21] empirically showed that quantitative trait loci (QTL) for adaptive traits between pea aphid populations were linked to regions of higher genetic differentiation and that this effect extended far (greater than 10 cM) from the putative target of selection. Via [10] recently highlighted a similar scenario in three-spined sticklebacks [22] where divergence hitchhiking protected and isolated large genomic regions surrounding genes responsible for adaptation to freshwater. While attractive, this idea is again supported by mixed empirical evidence [16, [23] [24] [25] [26] [27] . Moreover, theoretical modelling has shown that divergence hitchhiking will only create large regions of differentiation around selected loci under restrictive conditions [9] . Thus, locally reduced effective recombination, low migration rates (m , 0.001), small effective population sizes (Ne , 1000) and strong selective pressures (s . 0.10) should promote the maintenance and subsequent growth of genomic islands of divergence.
THE ROLE OF GENE EXPRESSION IN THE STUDY OF SPECIATION
Initial attempts to identify regions of genomic divergence underlying adaptive traits has necessarily focused on easily measured morphological, and to a lesser degree, behavioural traits [28] . However, focusing only on easily identifiable traits may bias our view about the number and nature of phenotypic traits involved in the process of ecological speciation. One way to circumvent these limits is to use gene expression data as a way to reveal otherwise hidden phenotypes of potential ecological relevance [29] . Moreover, in an analogous manner to traditional phenotypic QTL (pQTL) studies, expression QTL (eQTL) studies allow the identification of specific genomic regions responsible for gene expression differences [30] . These studies have revealed patterns of significant clustering of genes in regulation 'hotspots' and hinted at the existence of localized genomic islands of expression divergence [29] . If these hotspots are studied in the context of a recent divergence event, they may be representative of regions involved in ecological speciation [29] . Expression QTL studies can potentially inform about the mechanisms of gene regulation, and provide insights into the process of speciation [31] . Thus, studying gene expression may improve our understanding of speciation, particularly when integrative approaches are applied in the context of recent divergence.
THE LAKE WHITEFISH STUDY SYSTEM
Here, we investigated key issues pertaining to the nature, number and size of genomic regions underlying species divergence in lake whitefish by conducting novel analyses on previously published data [32] [33] [34] [35] . The lake whitefish species complex includes several sympatric populations inhabiting northern temperate lakes in Canada and Maine [36] . These species pairs are characterized by two postglacial derived forms living in sympatry. A 'dwarf ' form, typically growing slower, maturing at a much earlier age and size, and living in the limnetic zone of lakes, and a larger 'normal' form, which grows faster, reaches a larger size, matures at a later age and lives within the benthic zone of lakes. Their phenotypic divergence is recent (less than 12 000 yr BP) and involves both a phase of allopatry (geographical isolation) and sympatry (secondary contact) [31, 37, 38] . This system is especially well suited to study the genetics of species boundaries for several reasons. First, lake whitefish represents a rare illustration of a continuum of both morphological and genetic differentiation within a given taxon. This differentiation spans from complete introgression to near complete reproductive isolation, depending on the history [39, 40] and the potential for competitive interactions imposed by unique ecological characteristics of each lake [41] [42] [43] . Second, previous work has identified several genomic regions responsible for the control of adaptive phenotypic traits (pQTL mapping) [32, 33] and gene expression differences (eQTL mapping) [34, 35] . Third, these genetic markers have also been characterized in natural populations, thus permitting inference about the effect of selection acting on phenotypic traits, including gene expression. Fourth, the repeated independent parallel evolution of normal and dwarf phenotypes implies that populations evolved under similar selective pressures [31] . Lastly, these lake whitefish populations have small effective population sizes (Ne , 1000), low migration rates (m varying between 0.0004 and 0.0019) [41, 44] , as well as strong selection against hybrids [45] [46] [47] . Under these conditions, divergence hitchhiking is theoretically expected to facilitate the formation of large genomic islands of divergence [9] .
In this study, we pursued three objectives pertaining to the genomic patterns of divergence observed during speciation: (i) to test the prediction that genetic markers associated with potentially adaptive traits (identified through pQTL and eQTL mapping) will show stronger evidence of divergent selection in natural populations than non-QTL linked markers; (ii) to assess the prevalence of a few large islands of divergence along the genome rather than small independent regions; and (iii) to test whether sympatric species pairs showing more pronounced ecological, phenotypic and genetic divergence are also characterized by sharper speciation boundaries in terms of number and sizes of genomic regions of divergence.
METHODS (a) Genetic mapping
We used genetic linkage maps previously generated from two backcross hybrid families (F1 Â limnetic dwarf: BC D map, F1 Â benthic normal: BC N map). Briefly, hybrids were produced between parents representing two allopatric whitefish populations belonging to two different glacial races and permitted to genotype and position about 900 amplified fragment length polymorphism (AFLP) and microsatellite loci among 336 progeny (for details see [32] ). These particular populations were chosen because they overlap in reproductive schedule and showed strong parallel phenotypic differentiation with sympatric populations studied here. Nine different phenotypes characterizing normal and dwarf populations were measured on these progeny and 34 pQTL linked to eight of these traits were mapped over 13 linkage groups using interval mapping [33] . While using a single mapping population is a common practice, it must be noted that it leads to the possibility that pQTL from the crosses may not always correspond to pQTL in the populations under study here.
(b) Gene expression and genome scan in natural populations We used gene expression data obtained from the analysis of white muscle [35] and whole brain [34] tissues. Briefly, these studies used microarrays and the linkage map of Rogers et al. [32] to localize eQTL of genes expressed in white muscle (262 transcripts localized) and brain (249 transcripts localized) for one of the backcross family (BC D map). The markers (AFLP) used for genetic mapping were also genotyped in four lakes containing dwarf and normal sympatric populations [33] . Combining both QTL and genome scan information revealed that a total of six eQTL regions co-localized with pQTL and were also outliers in a genome scan study [31, 33] . Moreover, these genomic regions were nonrandomly distributed across the genome and hinted at the role of major regulatory hotspots controlling the expression of numerous genes [34, 35] .
(c) Association between F ST and phenotypic quantitative trait loci, expression quantitative trait loci and expression quantitative trait loci hotspots t-Tests were performed for each lake individually to test whether mean F ST was greater for genetic markers associated with pQTL, eQTL or eQTL hotspots (QTL associated with the expression of five or more (up to 52) genes; see details in Rogers & Bernatchez [33] ). In addition, x 2 -tests were performed for each lake individually to test whether there were significantly more F ST outliers for markers associated with pQTL, eQTL or eQTL hotspots.
(d) Spatial autocorrelation Spatial autocorrelation analyses were run and Moran's I was quantified for each lake individually in order to assess whether F ST outlier loci were clustered together more than expected by chance, thus representing evidence of relatively large speciation islands. Moran's I is a measure of spatial autocorrelation where 21 indicates perfect dispersion and þ1 perfect correlation among samples [48] .
(e) Distance from nearest outlier phenotypic quantitative trait loci First, we identified outlier markers (markers showing F ST value . 95% quantile of F ST distribution in natural populations) associated with an adaptive trait (hereafter referred as outlier pQTL). Then, we tested the correlation between genetic distance (in centiMorgans) from an outlier pQTL and F ST values for all other mapped markers on the same linkage group. This was done separately for all four lakes. A linear regression between F ST and genetic distance was fitted in order to test whether the effect of divergence extended far from the region under selection itself, thus suggesting the existence of relatively large speciation islands. This relationship could be tested only for pQTL given that neither eQTL nor eQTL hotspots were significantly associated with higher F ST values compared to noneQTL markers (table 1) . A logistic regression was also fitted, however, relationships were not significant in any of the lakes. In addition, linear models always had lower Akaike Information Criterion (AIC) and thus represented a better fit for the data (i.e. the differences in AIC between the logistic and linear regressions were 47.4, 50.9, 24.4 and 23.5 for Indian, East, Webster and Cliff lakes, respectively).
(f) Among lake differences characterizing genomic islands of divergence In order to provide a relative basis to compare the extent of differences in the characteristics of genomic islands of divergence among lakes, the following parameters were quantified: (i) the number of islands: defined as the number of unlinked outliers detected in each sympatric whitefish species pairs; (ii) the relative size of islands: defined by the x-intercept at the lake-specific mean F ST value for the relationship depicted in figure 1 (F ST values versus chromosomal distance to the nearest outlier pQTL). These values (in centiMorgans) were then divided by the value for the least divergent lake (East L.) in order to get relative estimates among lakes; (iii) the sea level was defined for each lake separately as the F ST outlier threshold value (95% quantile) above which markers were considered outliers; and (iv) the mean island height was defined in each lake as the difference between the mean F ST value of all outliers minus the F ST outlier threshold value. Note that none of these parameters should be taken as an absolute quantification of the actual physical or genetic size of a region of divergence, but instead used purely as comparative measures. -tests) relative to non-pQTL markers. In contrast, neither eQTL nor eQTL hotspots were significantly associated with either higher F ST or an outlier status in all four lakes individually or combined. However, the fact that all relationships were stronger and tended to be more significant when combining the data from the four lakes for pQTL suggests that the absence of significant correlation may be partly due to a lack of statistical power caused by the limited number of QTL in each category.
RESULTS
(b) Spatial autocorrelation In the BC D map, we found weak, yet significant autocorrelation between outliers in three of the four lakes studied: Indian (Moran's I ¼ 0.044, p-value ¼ 0.02), East (Moran's I ¼ 0.09, p-value , 0.01) and Cliff (Moran's I ¼ 0.051, p-value ¼ 0.01). The significant autocorrelation values were mainly due to three regions where two linked markers were outliers (two Table 1 (table 2) . This is probably due to the much lower number of pQTL segregating in that family (10 pQTL for BC N versus 24 for BC D ) possibly because the phenotypic differences between hybrid and normal individuals were less marked than between hybrid and dwarf [33] .
(c) Distance from nearest outlier phenotypic quantitative trait loci Figure 1 illustrates the relationship between the distance (in centiMorgan) from an outlier pQTL and F ST value for all markers on the same linkage group, in each lake separately. All outlier pQTL were found on different linkage groups. A significant negative linear relationship (p-value , 0.05) was detected for three of the four lakes studied (East L. r 2 ¼ 0.33, Indian L. r 2 ¼ 0.18 and Cliff L. r 2 ¼ 0.21), whereas a similar, albeit not significant trend was observed in Webster L. (r 2 ¼ 0.14, p-value ¼ 0.13). In the BC N map, the relationship could only be tested in Cliff L., given that the other lakes did not have any outlier QTL. In this case, the relationship was significant (p-value ¼ 0.004, results not shown).
(d) Among lakes differences in characteristics of genomic islands of divergence Table 3 illustrates that the four lakes differed in their parameters characterizing genomic islands of divergence. Lakes were ordered according to a gradient of the expected intensity of divergent natural selection [41] [42] [43] . We observed a general trend towards an increase in number, size and height of genomic islands of divergence from the least genetically and phenotypically differentiated sympatric pair (East L.) towards the most differentiated whitefish pair (Cliff L.).
Roughly speaking, the three genomic island characteristics doubled from the least to the most differentiated lake. In particular, it is noteworthy that the relative size of islands of divergence increased from 1 (East L.) to 1.43 (Indian L.), 1.57 (Webster L.) and 1.95 (Cliff L.). Given that the threshold was much higher in the most differentiated lake, it should become increasingly difficult to observe islands of divergence above the global sea level. Despite this, the mean height of the islands above sea level (defined as the F ST outlier threshold) increased from the least to the most differentiated lake (table 3).
DISCUSSION (a) Association between F ST and quantitative trait loci
The general goal of this study was to investigate key predictions pertaining to the nature of regions of genomic divergence among lake whitefish species pairs. Our results partly confirmed our first prediction given that in general, pQTL showed higher F ST values and were more likely to be outliers (and therefore candidates for being targets of divergent selection) than non-pQTL markers. The detection of a significant association between genetic divergence and pQTL would imply that the genetic bases of traits conferring adaptability are also under divergent natural selection. While this is perhaps a simplistic or self-evident assumption of ecological speciation, it has seldom been explicitly demonstrated [49] . This is in part because, even in an optimal experimental system, one may not expect this relationship to always hold true, such as in a situation where adaptation results from incomplete selective sweeps [50] or if traits under selection are highly polygenic [51] . In the end, pQTL will always allow a limited view of an organism's genetic complexity; some phenotypes will never be measured, and therefore, QTL underlying these traits never be detected. This is in part why gene expression and eQTL studies could have such great potential to survey all relevant molecular phenotypes in an unbiased manner. In contrast to pQTL, neither eQTL nor eQTL hotspots were associated with high (outlier) divergence values. There are biological reasons explaining why gene expression differences (eQTL) are less prone to be associated with signs of divergent natural selection. For one, given the numerous levels of control that exist between the transcription of mRNA and the expression of a phenotype, it is plausible that gene expression differences do not always translate into meaningful phenotypic differences. Segregating genetic variation affecting expression level may also evolve neutrally, owing to the redundancy of developmental and physiological systems, and therefore, remain hidden from selection acting at the level of the phenotype [52] . In addition, compensatory mutations evolving in a neutral fashion can result in transgressive patterns of expression when recombined in hybrids. For these reasons, gene expression differences in hybrids are not necessarily correlated with difference in parental species and a significant proportion of gene regulation is expected to behave in a non-additive fashion [53] [54] [55] .
(b) The size of genomic islands of divergence To this day, there is no consensus into what should be the best method to measure speciation islands, and what are the patterns of genomic divergence expected under varying conditions of gene flow [10, 49, 56] . Further theoretical work will be needed to objectively characterize speciation islands given that different approaches can lead to substantially variable conclusions. Here, we must clarify that our analyses and conclusions differ from the ones suggested by Via & West [21] and Via [49] who concluded that F ST outliers were separated from their closest pQTL on average by 10.6 cM in pea aphids (Acyrthosiphon pisum pisum) and by 16.5 cM in the lake whitefish species pairs discussed in the present study [33] . They suggested that divergence hitchhiking created surprisingly large genomic regions (greater than 10 cM) around divergently selected pQTL. Given that, as a rough rule of thumb, 1 cM corresponds to a physical distance of one megabase [57] this would indeed imply extremely large islands of genomic divergence. Because of the relatively low marker density of the studies by Rogers & Bernatchez [33] and Via & West [21] , the hypothesis of linkage between a given F ST outlier and the closest pQTL has to be interpreted carefully. Indeed, an F ST outlier could also be in linkage disequilibrium with other loci targeted by natural selection and be independent of the closest measured pQTL.
In the present analysis, the data were treated differently. Analyses were performed separately for each lake, because each environment represents an independent speciation event [40, 58] . Moreover, all QTL cannot be viewed as being implicitly under divergent natural selection and thus, should not necessarily be expected to show high (outlier) divergence values [59] . Therefore, we restricted our analysis to outlier QTL, the genetic regions most likely to be directly responsible for adaptive traits and evolving under divergent natural selection. The linear regressions in figure 1 imply that selection influences relatively large regions of differentiation. The spatial autocorrelation analyses are also indicative that some outlier loci are clustered even if they are genetically far apart (table 3) . As such, our results provided support for the second prediction: the occurrence of large islands of divergence rather than small independent regions under selection. This is also in concordance with the recent work of Hohenlohe et al. [22] and the interpretation of Via [10] , which argue for large chromosomal regions around selected QTL. Yet, it does not rule out the existence of much smaller and localized regions of divergence. Namely, our small autocorrelation values suggest that outlier loci show limited clustering and mostly represent independent regions of divergence. Sizes are based only on BC D map. They represent the x value where y is equal to the mean F ST value for a given species pair in figure 1 . Sizes are then divided by the value for the least divergent lake (East) in order to get among lake relative estimates.
While the occurrence of both small regions under selection and large speciation islands may seem contradictory, we re-emphasize that the two opposing views on how genomic divergence spread throughout the genome are merely the end of a continuum. It then seems that, while strong selection can create relatively few and large islands of divergence, it may also act in a much more localized sense on several independent regions. This scenario is probably closer to reality than either extreme views of speciation under the presence of gene flow. Consider, for instance, the case of Anopheles gambiae regarding the recent divergence of several reproductively isolated populations. In fact, the expression 'islands of speciation' itself comes from Turner et al. [12] , who first identified three large regions of divergence among a sea of neutral divergence between M and S forms in A. gambiae. Recent whole genome sequencing and genotyping have revealed a more complex scenario with pervasive genomic divergence inconsistent with contemporary inter-form gene flow [60, 61] . In another example, strongly selected Drosophila populations harbouring standing genetic variation did not reveal large islands of divergence or complete selective sweep after 600 generations of selection, a scenario inconsistent with a large speciation island model [50] . If, early in divergence, selection acts on standing genetic variation through soft or incomplete sweeps and on traits which are highly polygenic, then identifying genes critical to initiating the speciation process may become much more difficult than initially perceived.
Another confounding factor which could explain the observed wide spread of highly divergent loci is the effect of selective sweeps on mutations that are beneficial in all populations. In the traditional interpretation, loci with higher levels of population differentiation than the expected neutral level are seen as evidence of divergent natural selection acting between populations. However, unconditionally beneficial mutations are expected to appear often in nature. Therefore, depending on how far the selective sweep has progressed when populations are sampled, such mutations may appear highly divergent, even though they are merely incidental in explaining the maintenance of species boundaries [62] . This alternative explanation has been largely overlooked and emphasizes that genetic data should not be interpreted without an understanding of the genotypephenotype association.
(c) Among environment differences in characteristics of genomic islands of divergence Cases of closely related species, such as dwarf and normal whitefish, permit evaluations of the effect of divergent selection according to a gradient of ongoing ecological speciation. Here, our third prediction of a general trend towards an increase in terms of numbers and sizes of genomic regions of divergence from the least differentiated (East L.) to the most diverged species pair (Cliff L.) was also confirmed.
Previously, Landry et al. [42] and Landry & Bernatchez [43] showed that sympatric lakes with the most divergent sympatric populations (Cliff, Webster and Indian Lakes) were characterized by less habitat availability, less zooplanktonic prey biomass, smaller prey size range and larger gap in prey size distribution between the limnetic and benthic niches compared with the least divergent populations (East, Témis-couata and Crescent Lakes). The authors concluded that resource limitation resulted in increased potential for competition and selective pressure towards optimal normal and dwarf adaptive peaks. In addition, Lu & Bernatchez [47] and Renaut & Bernatchez [46] also showed that there was a continuum of differentiation among lakes both from a phenotypic and genetic standpoint, from East Lake being the least differentiated to Indian, Webster and Cliff L., being the most differentiated. Here, East L. generally differed from the three more differentiated species pairs, being characterized by a smaller number of putative islands of divergence. These were also smaller in relative size, both in terms of the size of chromosomal regions being hitchhiked, as well as the height of the islands (table 3) . On the contrary, the Cliff Lake species were the most distinct, showing the highest number of islands, which were also on average the largest. As such, our results confirm, in whitefish, one of the basic premises of the genic view of speciation [5] , whereby populations that are more representative of the early steps of ecological speciation are also those characterized by a lower and generally smaller number of islands.
Admittedly, the criteria we used to define genomic island characteristics were arbitrary and should be interpreted as qualitative and relative measures of divergence. Yet, they still provided a useful means to visualize the main differences observed between whitefish species pairs from different lakes. More rigorous confirmation of the nature and extent of genomic divergence among different species pairs will require re-analysis of this system with a denser genomic coverage, both for the genetic map and the genomic scan of wild populations. Such endeavour is currently underway.
OUTLOOK
As recently suggested, detection of widespread genomic divergence may support a very different speciation model where the identification of genetic changes responsible for ecological and behavioural divergence will be more difficult than initially hoped [60, 61] . Certainly, from a technological standpoint, next generation sequencing technologies are rapidly revolutionizing the field of evolutionary biology, genetics and ecology [63] . However, there is also a marked lag in the development of analytical tools to take full advantage of this new type and sheer quantity of data [64, 65] . Moreover, one has to keep in mind that merely identifying the genetic basis of phenotypic traits does not fulfil the conditions necessary to define a phenotype-environment association [3] . Ultimately, phenotypes are what matter for organisms. Therefore, we indisputably maintain the importance of knowing the genotype -phenotype -environment association [66] . One of the great advantages of gene expression studies lies in the fact that they allow simultaneous measurement of thousands of different phenotypic traits and thus get a phenome-wide view of the extent of divergence [67] . Unfortunately, while highthroughput sequencing, genotyping and gene expression studies have matured into widely available procedures, high-throughput phenotyping remains in its infancy, and will be required to better quantify the phenotypic space occupied by diverging populations. The integrative approach developed in the lake whitefish study system certainly brings insights into the multi-dimensional nature of the genomic patterns of divergence observed during speciation.
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